We have investigated magnetic properties of three dierent samples composed of magnetic Fe or Co core and protective Au or Pt metallic shell, namely Fe@Au, Co@Au and Fe@Pt samples, with sizes of about 10 nm, 8 nm and 5 nm respectively. We have measured and analysed the experimental data of real and imaginary component of ac susceptibility through theoretical laws for non-interacting and interacting particles and we have estimated the strength of their magnetic interactions. Our analyses showed the increase of inter-particle interactions with decreasing particles size.
Introduction
Mono-domain metal nanoparticles based on iron and cobalt are of great interest due to their intrinsic physical properties, such as macroscopic quantum tunnelling (MQT), quantum size eects, giant magnetic moment and surface spin frustration interplay between the surface and core atoms. If magnetic interactions between the particles are not negligible, they can have a signicant inuence on the superparamagnetic relaxation [1] . Furthermore, the spin structure of nanoparticles can be aected by inter-particle interactions. An assembly of nanoparticles coupled by suciently weak inter-particle interactions show a superparamagnetic behaviour, while stronger interactions between densely packed nanoparticles can stabilize superspin glass or superferromagnetic state [2] . One of the powerful ways to get a better insight into the nature of inter-particle interactions and to estimate their strength, is the analysis of ac magnetic susceptibility [3] .
In our work, we have investigated the strength of dipolar magnetic interactions between nanoparticles in three dierent samples using the ac complex susceptibility measurements and their analysis through theoretical laws.
Experimental
Nanoparticle samples were prepared from water solutions of HAuCl 4 , H 2 PtCl 6 , Co(NO 3 ) 2 , Fe(NO 3 ) 2 using the reverse micelle concept. CTAB was used as the surfactant and octane as the oil phase in the formation of reverse micelles. Reduction of metal salts was done by NaBH 4 . Three dierent nanoparticle systems were prepared and studied: Fe nanoparticles coated by Au (Fe@Au, sample 1), Co nanoparticles coated by Au (Co@Au, sample 2) and Fe nanoparticles coated by Pt (Fe@Pt, sample 3). * corresponding author; e-mail: adriana.zelenakova@upjs.sk
The structural studies were realised by the Xray diraction (XRD), X-ray Near Edge Spectroscopy (XANES), and by High-resolution transmission electron microscopy (HRTEM).
Magnetic properties were investigated using a SQUID (Superconducting Quantum Interference Device) apparatus in the external dc eld up to 5 T and in the temperature range of 2300 K [4] . The complex ac magnetic susceptibility χ (T )−iχ (T ), where χ represents in-phase ac susceptibility (real part) and χ out-of-phase (imaginary part) susceptibility, was registered by the same instruments in the temperature interval 2300 K and in the frequency interval 0.1-1000 Hz.
Results and discussion
The structural characterization using XRD and XANES measurements conrmed the composition of the prepared samples and their nanocrystalline character. The HRTEM measurements showed the spherical shape of the particles with the size about 10 nm for Fe@Au sample, 8 nm for Co@Au sample and 5 nm for Fe@Pt sample.
The measurements of DC magnetic susceptibility in ZFC (zero eld cooling) and FC (eld cooling) regimes conrmed the superparamagnetic character in all three samples and the existence of blocking temperature T B , below which the magnetic moments of the particles are blocked along the external eld direction. Since the presence of relaxation process was observed in all studied nanoparticle samples, we have focused on the measurements and analysis of ac complex magnetic susceptibility, to better understand the dynamic properties of magnetic materials. Figure 1 shows the data of ac susceptibility measured for the sample 1 (Fe@Au) at frequencies in the range 1-1000 Hz. As can be seen, the data exhibits the behaviour typical for blocking/freezing processes, such as the presence of a maximum in in-phase ac susceptibility χ (T ) (real part) (linked to the left vertical axis), which shifts towards higher temperatures with increasing frequency, (222) Fig. 1 . Temperature dependences of in-phase χ (T ) (linked left) and out-of-phase χ (T ) (linked right) ac susceptibility of sample Fe@Au, measured at dierent frequencies from the range 1 Hz (black squares) to 1000 Hz (white triangles). Inset shows Vogel-Fulcher t of experimental data. and the out-of phase ac susceptibility χ (T ) (imaginary part), which exhibits a sudden onset near T max . Figure 2 shows the data of ac complex susceptibility of sample 2 (Co@Au), for which the size of particles was smaller in comparison with sample 1. The existence of two maxima can be clearly seen in Fig. 2 , a narrow and sharp maximum centred at 7 K and second, broader one centred at 65 K. The ac susceptibility measurements of the sample 3 (Fe@Pt) also exhibited a frequency dependent maximum (see Fig. 3 ), which shifted to the higher temperatures with increasing frequency, similarly to samples 1 and 2. The shape of temperature dependencies of ac susceptibility suggests, that at temperatures below 2 K an additional maximum could exist, similar to that observed for sample 2. We have analysed the existing maxima in ac susceptibility measurements from all three samples using three theories, (i) the Neel-Arrhenius law [2] , describing the non-interacting nanoparticles, (ii) the Vogel-Fulcher law [2] , conrming the interacting nanoparticle system with dipolar magnetic interaction and (iii) the critical power law [2] , showing on the presence of collective behaviour in nanoparticle systems. Such analyses showed that in the sample 1 the weak interactions were present, whereas in the sample 3 the strong dipolar magnetic interactions existed. The analysis of the sharp, narrow maximum in the sample 2, using the dynamic scaling hypothesis, showed the existence of conventional critical slowing down mechanism, which suggests the existence of superspin glass phase in sample 2. Fig. 3 . Temperature dependences of in-phase χ (T ) (linked left) and out-of-phase χ (T ) (linked right) ac susceptibility in the sample Fe@Pt, measured at dierent frequencies from the range 1 Hz (black squares) to 1000 Hz (white triangles). Inset shows Vogel-Fulcher t of experimental data.
Conclusions
We have prepared three nanoparticle samples Fe@Au, Co@Au, Fe@Pt and studied their dynamic properties. The analyses of experimental data of ac complex susceptibility using the theoretical models showed the existence of the weak magnetic interactions in the Fe@Au sample, the existence of the superspin glass phase in Co@Au sample and the presence of strong dipolar interactions in the sample Fe@Pt. The observed increasing strength of the interparticle interactions from sample Fe@Au to sample Fe@Pt correlates with the decreasing particle size in these samples.
